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A Study of Wakes behind a Circular Cylinder at M = 5.7
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Tosur KuBOTAT
California Institute of Technology, Pasadena, Calif

The flow field behind a circular cylinder was investigated experimentally at a nominal Mach
number of 5 7, over a range of Reynolds numbers from 4500 to 66,500, based on the cylinder

diameter

Pitot pressure, static pressure, and total temperature were measured at various

distances behind three cylinders of different diameters in order to detexmine the flow prop-
erties in the wake The data at different Reynolds numbers were correlated in a manner indi-
cated by a linearized theory for the laminar far wake with axial pressure gradient Transi-
tion from laminar to turbulent flow was determined from the velocity profiles and correlated
with results obtained from mass-diffusion and hot-wire fluctuation measui ements

Nomenclature

d = cylinder diameter

h = static enthalpy

M = Mach number

p = static pressure

p, = freestream stagnation pressure, absolute

Pog = freestream stagnation pressure, gage

pp = pitot pressure

Reys = freestream Reynolds number based on cylinder diameter

Re, = Reynolds number based on distance along wake and
conditions at edge of boundary layer

Rerp = Townsend Reynolds nurmber

T.» = adiabatic wire temperature

% = component of velocity parallel to wake centerline

v = component of velocity normal to wake centerline

w = velocity defect, 1 — (u/u )

z = length along wake centerline measured from center of
cylinder

y = length normal to wake centerline measured from line
through center of cylinder

er = turbulent diffusivity

@ = angle of cylinder measured from stagnation point
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conditions at outer edge of wake
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Introduction

HE nature of wakes is one of the oldest basic problems
in the field of classical fluid mechanics Although the
wakes in low-speed flow have been discussed in several
treatises,! ¢ it was only recently that research was directed
toward the phenomenon of high-speed flow  [he develop-
ment of intercontinental ballistic missiles and hypeisonie
entry vehicles has kindled this interest in high-speed wakes
The theoretical problem of hypersonic wakes was first
treated by Feldman,” who devised a simple model of the
wake flow Feldman’s basic approach has been extended by
Lykoudis® More recently, Lees and Hromas? have attacked
the problem of turbulent diffusion in the wake by using
integral methods to solve the boundary-layer equations
The two-dimensional laminar hypersonic wake with stream-
wise pressure gradient has been solved by Kubota,® using
linearized equations
Perhaps the major obstacle in correlating theory and ex-
periment in hypersonic wakes is the difficulty of obtaining re-
liable and detailed experimental data Atmospheric entry
involves a range of temperature and Mach number that
cannot be simulated effectively by known devices for ex-
tended periods Therefore, only limited data have been
secured, either from short-duration experimental facilities,
such as ballistic ranges'* and shock tunnels!? or from actual
flight where results are not easily duplicated The con-
ventional wind tunnel does not simulate the high Mach
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Fig 1 Schlieren photograph of the flow around cylinder

number and the high temperature attained during entry, but
it does provide a means of measuring state properties through-
out a hypersonic flow field One major advantage inherent
in wind-tunnel testing is the capability of varying the Reyn-
olds number independently of other quantities, enabling the
Reynolds number effect to be determined explicitly A sys-
tematic hypersonic wake study program, employing the
hypersonic wind tunnel as the experimental tool, has been in
progress at Graduate Aeronautical Laboratory, California
Institute of Technology (GALCIT) for some time For
example, Demetriades'® has investigated transition by hot-
wire anemometry; Mohlenhoff!4 and Kingsland® have stud-
ied mixing by means of helium and argon diffusion; Dewey?®
investigated the base-flow region; and Behrens,? investi-
gating the far wake by using thin, heated cylinders as models,
is engaged in determining flow properties by means of hot-
wire anemometry

The purpose of the present investigation was to determine
experimentally the two-dimensional wake flow field behind
a circular cylinder, as shown in Figs 1 and 2 Three state
properties were selected for measurements: pitot pressure,
static pressure, and total temperature

Experimental Techniques}

GALCI1 Hypersonic Wind Tunnel

All tests were conducted in the GALCIT hypersonic wind
tunnel, leg 1, shown schematically in Fig 3 The test sec-
tion of this tunnel is 5 in in width and 5% in in height 'The

Table 1 Test summary

Model Pog TQ, Red
d, in psig °F X 1073
0 300 85 00 263 66 5
0 300 60 00 263 49 4
0 300 35 00 262 327
0 300 10 00 262 16 7
0 200 96 68 264 49 3
0 200 59 48 263 327
0 200 22 48 262 16 6
0 200 3 80 260 8 58
0 100 59 42 263 16 3
0 100 22 54 262 8 28
0 100 3 84 260 4 29

1 For detailed description of the experimental techniques, see
Refs 18 and 19
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wind tunnel is a continuous-flow, closed-return device, with
a nominal fixed Mach number of 57 at a distance of 17 34
in from the throat, where the model was ultimately placed,
spanning the test section A complete description of the
compressor and the associated instrumentation is given by
Baloga and Nagamatsu 2

The reservoir pressure was regulated between 000 and
100 00 psig, with an accuracy of =0 02 psig and with corre-
sponding Reynolds numbers between 33,000 and 260,000/in ,
based on freestream conditions The automatically con-
trolled reservoir temperature can be varied between 225° and
325°F A reservoir temperature of 262°F, with accuracy
of =2°F, was selected for all tests  This temperature closely
approached the minimum without condensation effects for
the nominal operating dew points

Table 1 summarizes the test conditions of the experiment
The 3-to-1-ratio in model size and the 8-to-1 ratio in absolute
stagnation pressure provided sufficient variation in Reynolds
number to determine its effect on wake properties

Pitot-Pressure Measurements

The pitot pressure was measured by means of a small glass-
tipped probe connected to a miniature wafer-type variable-
reluctance pressure transducer This measurement (and
subsequent ones) was displayed as vertical distance on an
Autograph recorder

The pitot-pressure probe was moved axially and vertically
from outside the tunnel by motor-driven lead screws Ori-

TYPICAL TWO  DIMENSIONAL )/
CYLINDER MODEL d

Fig 3 Model installations
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Fig 4 Pressure recording system

fice location was displayed as horizontal distance on the re-
corder by a rotary potentiometer on the gearing for posi-
tioning the probe The system block diagram is shown in
Fig 4

Because flow inclinations up to 15° were encountered,
measurements were made to determine the angle-of-attack
sensitivity of the pitot probe The results of this calibration
showed that the pitot probe is relatively insensitive to angle
of attack in the range of interest Estimated accuracy of
the pitot-pressure measurements is Ap,/po = £107*

Pitot-pressure distributions at various stations are shown
for two typical cases in Figs 5 and 6 Figure 5 represents
a turbulent case, and Fig 6 represents a laminar case

Static-Pressure Measurements

The static pressure was measured by means of a small
probe connected to a sensitive, variable-reluctance transducer
located outside the wind tunnel

Several vertical static-pressure surveys were made at
different axial locations for the various cylinders The static
pressure was found to be constant across the wake and almost
constant up to the trailing shock

To test the two-dimensionality of the flow field behind the
cylindrical rod, the static-pressure distribution was measured
in the horizontal direction parallel to the cylinder axis  Sur-
veys were made at various axial positions downstream of the
0 300- and 0 100-in models These surveys revealed that a
disturbance originated ahead of the intersection of the model
with the sidewalls of the wind tunnel As a result of these
tests, the limits of two-dimensional flow were identified

Model d 0300 inch

Po, 85 00 psig
74 69 cm Hg
To 263 F

M. 569
Reg 665 x 10°

»3
A

Fig 5 Pilot pressure, turbulent wake

WAKES BEHIND A CIRCULAR CYLINDER AT M =57 631
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Fig 6 Pitot pressuie, laminar wake

After establishing the variation of static pressure across the
wake and identifying the boundaries of the two-dimensional
flow region behind the model, static-pressure traces were
taken along the centerline of the wind tunnel and behind
the models for the 11 conditions cited in Table 1 The re-
sults of these tests are shown in Fig 7 Estimated accuracy
of the static-pressure measurements is Ap/pe = =£=0 005

Since the orifices of the static-pressure probe were located
a fixed distance behind the apex of the probe cone, it was not
possible to measure static pressure close to the neck Conse-
quently, it was necessary to estimate the static pressure in
the vicinity of the neck from available data Because the
axial gradient in static pressure is high in this region, a pre-
cise extrapolation upstream of the measured data is difficult
unless the static pressure is known The static pressure
slightly behind the neck was estimated by considering the
base-flow region

Base-Pressure Measurements

To extrapolate the measured static-pressure traces in the
wake upstream, it was necessary to measure the base pressure
of the model accurately Only the 0 300-in model was used
because of the relatively large size of the static-pressure ori-
fices on the smaller models A 0009-in orifice represented
the smallest practical diameter, corresponding to about
3° on the surface of the 0300-in model

The cylinder was rotated to obtain the pressure distribu-
tion around it  The distribution in the base region is shown
in Fig 8 This figure also shows the data of Tewfik and
Giedt,?* whose experiments were made at a lower Reynolds
number than the present tests In this figure, the region of
reverse flow is evident, especially at high stagnation pressure
Accuracy of the base-pressure measurements was estimated
at Ap(w)/p(0) = =0 001 for the test conditions at the higher
stagnation pressures and =0002 for those at the lower
stagnation pressures

Total-Temperature Measurements

Total temperature was measured by an unshielded thermo-
couple with heated supports Heating of the supports was
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Fig 8 Experimental pressure distribution on cylinder

controlled, so that the support temperature was equal to the
temperature indicated by the thermocouple

Because each total temperature trace required several
hours, only surveys with the 0300-in model were taken
These traces were considered adequate for defining total-
temperature variation in the wake as a function of Reynolds
number, especially since the percentage variation of absolute
temperature was small (except in the vicinity of the neck),
even for laminar flow The accuracy of the theromocouple
measurements is estimated at +3°F

Data Reduction

Reynolds number corrections to measured pitot pressures
may be necessary for very low Reynolds numbers, but for
the present tests, the outside diameter of the glass tip used
for pitot measurements was chosen to preclude corrections
when reducing the experimental data No account was
taken of the effective displacement of streamlines caused by
velocity gradients present in the wake This correction was
estimated to be less than 109 of the wake width for the worst
case, i e, in the vicinity of the neck

To correct the values of static pressure for boundary-layer
effects, Mathews’ data, which were taken for static-pressure
probes of the same geometry as that used for the present
tests, were used 22 A linear variation was assumed for the
value of measured pressure to actual pressure, as a function
of the viscous interaction, parameter x:

pm/p =1+ 0235X (1

This variation is less than that for an insulated flat plate as
discussed by Hayes and Probstein 23

The temperature measured by the heated thermocouple is
the adiabatic wire temperature associated with infinite aspect
ratio The true total temperature was obtained from the
measured adiabatic wire temperature by applying the cor-
rection for recovery factor This correction was accom-
plished with data based on Dewey’s work  For free-molecule
flow and continuum flow, the ratios of adiabatic wire tempera-
ture to total temperatures are & and 0 95, respectively

As noted in the preceding portions of this section, the ac-
curacy of each measurement was carefully identified How-
ever, because of the many involved calculations necessary in
obtaining final data, the accuracy of the final product can only
be roughly estimated It is estimated that the over-all
accuracy of the final experimental data is from 2 to 49, for
the distributions of normalized velocity, static enthalpy, and
total enthalpy (which will be described in the following sec-
tion), except in the immediate region of the neck It is esti-
mated that the computed absolute values of the centerline
quantities are accurate to within 59 The major source of
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error was the extrapolation of static pressure into the neck
region

Results and Discussion

Using a linearized theory of laminar wake with streamwise
pressure gradient, the following results were obtained 1 18
Using the transformations

T polehe OT
w(a) = [ Lokl 2 2
ww) = [ @)
Hag) = - ey [V 2 Y ®
’ Ues 0 po d
then
"y A 7?
J[ 2y = 9?72 exp(— ?4—9%) (4)
h B aij?
P e~ ) ®
where 4 and B are determined from the initial conditions
1/2
), o
2\ 7 Poslicotl 0
(oReq)!? .
= 6
272 pouad)h o (@ + (pu?6)] Q]

# is the momentum thickness

0=2f°°”“<1—3)dy )
0 pelte U

Q is the heat transfer to the body, and o is the Prandtl
number
From Eq 6,

6 (puMP
B puM? )

As shown in the given equations, the value of the momen-
tum thickness and wake width at the neck must be known as
initial conditions for theoretical analyses Lees and Hromas
have estimated these quantities and have shown that they
should vary as (Res) V% based on estimates of skin friction
around the body and the pressure rise at the neck  Experi-
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Fig 10 Static-enthalpy excess along wake centerline

mental values, based on the present tests, are shown in Fig
9 Here 11 points are plotted corresponding to the com-
binations of cylinder diameter and Reynolds number given
in Table 1 The wake width was obtained from pitot-
pressure measurements, and the momentum thickness was
caleulated from experimental data The axial location of
the neck was taken at z/d = 250 for the 0 300-in-diam
cylinder and z/d = 300 fo1 the other models Figwe 9
shows that these quantities do vary as (Res)~'/? The data
scatter is probably due to the effect of the velocity gradient
on pitot measurements 18

The analysis shows that the static-enthalpy excess (h/h) —
1 and the velocity defect M. 2w vary as (&) ~V/? along the wake
centerline  The results from the experiments are plotted in
Figs 10 and 11 These figures show that there is a Reynolds
number similitude as indicated by the laminar theory  The
two runs that do not correspond with the base line are inter-
preted to be fully turbulent It should be noted that the
static-enthalpy excess and the velocity defect for the turbulent
case also vary as (%) ~V/2, when turbulence is fully established
The representations of Figs 10 and 11 can also be used as
measures of transition At transition, the values of static-
enthalpy excess and velocity defect decrease much more
1apidly than for the laminar case because of more efficient mix-
Ing processes
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Fig 11 Velocity defect along wake centerline



634 J F McCARTHY JR AND T KUBOTA

2260 — 375
2250 L— 370 f—
240 F— 365 |—
a
| 10
2230 360 o =2174+ 66 (y/d)z—\
2220 |— 355 |—
2210 — 350
2200 f— 345

P =384 PSIG
d =0 100 INCH

340

2190 L

=
Z
4
Z
g 2180 [— = 335 /d =500
2 2 Mg, =5 58
£ 2170 — & 330 |— i 3
5 2 Q% Rg=429X10
& A
L2160 — & 325
= -
[ 9] ¢
9 2150 w 320
€ 20— 2 a5
3
— £ 310
2130 <
i
2120 |— 305 |—
A
2110 f— 300 f— 2
T; =3290 22 8{y/d)
2100 [— 295 |—
2090 |-~ 290 |—
2080 [ 285 |—
2070 280 I [ ‘ l
0 0 02 04 06 08 10 12
P02
(y/dy

Fig 12 Determination of inviscid values of velocity and
temperature

Since the velocity and the temperature in the inviseid
flow outside of the viscous wake vary parabolically with
vertical distance, the viscous contribution to the profile was
obtained by subtracting the extrapolation of the inviscid
profile into the viscous region When the velocity and the
temperature from the experiment are plotted against the
square of the distance from the wake centerline as in Fig 12,
the points lying outside the viscous wake fall on a straight
line, which can be easily extended into the viscous region
The viscous profiles thus obtained are plotted in Figs 13
and 14 for the lower Reynolds number cases in Table 1
The form of the abscissa is suggested by the foregoing analysis
and avoids the ambiguity of defining the wake edge 'The
additive constant %, in Figs 13 and 14 is the location of the
virtual origin of the wake, determined from the variation
of the centerline velocity and temperature 8 For the 0 100-
in model, there is good agreement between the experiment
and the linearized theory beyond nine diameters down-
stream  Evidently, for the region of the wake closer to the
neck, the constant convection assumption used for lineariza-
tion (w <« 1) is no longer valid

Lees and Hromas assumed the Townsend value of ‘“uni-
versal” turbulent Reynolds number of 12 5 for the centerline
conditions in the turbulent wake To investigate this as-
sumption experimentally, consider the momentum equation
at the centerline:

ou\ | dp _ o
Py Uy <a—x>t + L = by (eny (aw)e (10)

In order to obtain 0%:/0y? without differentiating experi=
mental data twice, the method first proposed by Kingsland
to reduce diffusion measurements was used Assuming that
the velocity profile near the center is close to Gaussian;

W 1 (vy
v = oo = 5. (3)] a

Then it follows that

o _ 2’w¢_
[W]@ ~ Y Dy (12)
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and

. (y/d)® I: (y/d) ]
Dy = lim——— = ey 13
v ,,LI% In(wg /w) ,,E% In (wg /w)¥* (13)
By plotting the parameter In(wg /w)Y/? vs vertical distance

near the centerline, Fig 15, it was possible to obtain the
diffusivity number Dy
Once Dy is determined, (er)¢ is given by

o (el) _ Dnd?[pu(0u/0z) + (dp/dx)lg.
Fe = ¢ 2up (e — ug)

(14)

14

The expression on the right side of the foregoing relation is
equal to unity in laminar wakes and greater than unity in
turbulent wakes Figure 16 presents evaluations of this
expression at several test conditions It shows that fg is
about unity for all stations in the wake in low Reynolds
number cases, grows greater than unity at downstream sta-
tions in medium Reynolds number cases, and is larger than
unity again throughout the wake in the highest Reynolds
number case
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A modified Townsend Reynolds number, Rer, is defined by

Rep = (e — ug)ye (15)

€r
This definition of Rer differs slightly from that of Ref 4,
where, in place of y , the length used is the distance from the
center at which the velocity defect is ¢~1/? of the maximum
defect
To obtain experimental values of Rer, it is necessary to

differentiate two experimental quantities that subtract from
each other to evaluate the turbulent diffusivity = Therefore,
the accurate determination of this quantity is very difficult
In any case, the tentative value Rer = 10 = 5 was ob-
tained This value agrees with that used by Lees and
Hromas in their theoretical treatment (Rer = 125) The
results also compare favorably with those of Kingsland, where
he estimated the value Rer = 12

Experimental Determination of Transition

As indicated in the foregoing discussion, a qualitative defi-
nition of transition could be obtained from plots of state
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properties along the centerline Another definition is
possible by calculating the Townsend Reynolds number
discussed previously

Using all available inputs, the results for these tests are
superimposed on those of Demetriades!® in Fig 17 For the
11 runs shown in Table 1, seven transition points could be
obtained, two cases being fully laminar and two cases fully
turbulent The comparison with Demetriades’ data is sur-
prisingly good Since the edge properties could be deter-
mined with the present measurements, it was possible to
define a transition Reynolds number based on local conditions
and distance from an effective origin  Tts value was calcu-
lated as 85,000

Conclusions

An experimental investigation has been made of the flow
behind a circular eylinder at a nominal freestream Mach
number of 57 The Reynolds number was varied by chang-
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Fig 16 Viscosity parameter vs axial distance
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ing both the diameter of the cylinder and the stagnation
pressure of the wind tunnel (the former over a three-fold
range and the latter over an eight-fold range) Sufficient
measurements were made to define completely the flow field
at various stations downstream

From these measurements, it is concluded that 1) the base-
flow region is laminar for the entire range of Reynolds num-
ber in the present experiment, 2) static pressure is nearly
constant across the wake, 3) the near wake is laminar for low
Reynolds number cases and becomes turbulent as Reynolds
number is increased, and 4) the transition in the wake occurs
when the Reynolds number based on edge conditions and the
distance from the body exeeeds 85,000 $

Correlation of the experimental data with a linearized
theory for laminar flow was made The theoretical predic-
tion of centerline values of static enthalpy and local velocity
based on this theory were in good agreement with the experi-
mental results Distributions of static enthalpy and local
velocity in the wake agree with the theory for downstream
stations greater than about nine diameters, if provision is
made for an “effective’ origin based on the axial distribution
of the velocity and the enthalpy at the centerline

A qualitative experimental value of the Townsend Reynolds
number for turbulent flow on which the theory of Lees and
Hromas is based _was obtained Its value was determined
as Rer = 10 = 5 In the present experiments, accurate
definition of the turbulent wake was very difficult since
the pitot-pressure defect decays very rapidly in the turbulent
wake Further experiments are needed to investigate the
turbulent wakes in hypersonic flow, especially the effect
of interaction with external vorticity
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